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Abstract: Pounding and unseating damages to bridge superstructures have been commonly 
observed in many previous major earthquakes. These damages can essentially attribute to the 
large closing or opening relative displacement between adjacent structures. This paper carries 
out an experimental study on the pounding responses of adjacent bridge structures considering 
spatially varying ground motions by using a shaking table array system. Two sets of large scale 
(1:6) bridge models involving two bridge frames were constructed. The bridge models were 
subjected to the stochastically simulated ground motions in bi-direction based on the response 
spectra of Chinese Guideline for Seismic Design of Highway Bridge for three different site 
conditions, considering three coherency levels. Two types of boundary conditions, i.e., the 
fixed foundation and rocking foundation, were applied to investigate the influence of the 
foundation type. In addition, a detailed 3D finite element model was constructed to simulate an 
experimental case. The non-linear material behavior including strain rate effects of concrete 
and steel reinforcement is included. The applicability and accuracy of the finite element model 
in simulating bridge pounding responses subjected to spatially varying ground motions are 
discussed. Experimental and numerical results demonstrate that non-uniform excitations and 
foundation rocking can affect the relative displacements and pounding responses significantly. 
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Previous earthquakes have shown that bridges always suffer from various types of damages 
when subjected to strong earthquakes. These damages are identified and classified into three 
categories by Moehle and Eberhard (2000), namely damages to superstructures, damages to 
bearings, and damages to substructures. Pounding and unseating are the two most common 
forms of damage to superstructures (Bi and Hao 2013). Seismic induced unseating and 
pounding damages between adjacent girders or between the girder and abutment in multi-span 
bridges have been reported in almost every major earthquake, for example, in the 1995 Kobe 
earthquake (Kawashima and Unjoh 1997), the 1999 Chi-Chi earthquake (Uenishi et al. 1999), 
and the 2004 Sumatra earthquake (Mondal and Rai 2008). The 2008 Wenchuan earthquake in 
China revealed that span collapses and pounding of adjacent girders were the typical damage 
to girder bridges on National Highway 213 (Li et al. 2008). Pounding between adjacent bridge 
structures and between adjacent buildings were also widely observed in the more recent 2010 
Chile earthquake (Kawashima et al. 2011) and the 2011 Christchurch earthquake (Chouw and 
Hao 2012).  
Based on reconnaissance reports of many major earthquakes, pounding damage commonly 
occurred to bridge structures equipped with conventional expansion joints, which were 
designed to absorb creep, shrinkage and temperature induced deformation, of construction 
materials. Nevertheless, to ensure a smooth traffic flow, a small expansion joint gap is 
normally provided, which usually cannot accommodate the relative closing displacement 
between adjacent components of bridges during strong earthquakes and therefore leads to the 
pounding damage. Observations from past earthquakes revealed that pounding may lead to 
local crushing and spalling of concrete at the joint due to impact and friction when adjacent 
components come into contact with each other. Sometimes pounding can be the primary cause 
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of the girder span collapse (Tanabe et al. 1998). In addition to the large relative closing 
displacement, large relative opening displacement can result in the risk of unseating. As soon 
as unseating and severe pounding damages took place, the transportation lifeline in the 
seismic region would be partially or completely cut off, which in turn may result in the 
irreversible losses to life and economy. It is, therefore, essential for researchers to pay close 
attention to seismic pounding and unseating to bridge structures. In the present study, seismic 
induced pounding damage to bridge superstructure is of interest.  
Large opening or closing relative displacement can be attributed to the large out-of-phase 
movements of adjoining bridge segments (either between the girders or between the girder 
and the abutment). Various reasons may result in these out-of-phase movements. For the long 
span bridge structures, the different dynamic characteristics of adjacent bridge components 
and spatially varying ground motions can be the main reasons. Soil-structure interaction (SSI) 
is another major factor that may induce the out-of-phase vibrations. Although the SSI may not 
be the immediate cause of seismic pounding, the assumption of a fixed base may lead to an 
inaccurate prediction of bridge responses (Chouw and Hao 2008b). It should be noted that for 
the ground motions, three main reasons can result in their variabilities, namely the wave 
passage effect involving the different arrival times of waves at different locations as a result 
of the finite wave speed; the loss of coherency owing to reflection, refraction and 
super-positioning of waves through a heterogeneous soil medium; and the site amplification 
effect arising from different local site properties (Bi and Hao 2012). 
The most straightforward method to avoid seismic pounding and unseating is to provide 
adequate separation between adjacent segments and sufficient seating length, respectively. 
Based on this approach, some of the previous studies focused on the relative displacement 
response in order to yield the necessary separation distance. Penzien et al. (1997) and Hao and 
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Shen (2001) analyzed the relative displacement between unequal height buildings under 
uniform excitation. A spectral difference method was proposed by Jeng and Kasai (1996) to 
estimate the maximum relative displacement between adjacent structures considering wave 
passage effect. Hao and Liu (1998) and Hao and Zhang (1999) studied the effect of building 
properties and non-uniform ground excitations on required separation distance between 
adjacent buildings to avoid pounding. However, the bridges with conventional expansion 
joints usually can’t provide such a significant separation distance between bridge decks in 
order to allow a smooth traffic flow as mentioned above.  
To overcome the limitation of conventional expansion joints, a modular expansion joint (MEJ) 
system is developed and used in some newly constructed bridges. MEJ allows a large relative 
movement at the joint and makes avoidance of pounding between bridge decks possible 
(Chouw and Hao 2008a). Chouw and Hao (2008a) analyzed the relative displacement 
between two adjacent bridge frames connected by an MEJ, considering the influence of 
ground motion spatial variation and SSI. Recently, by conducting stochastic analyses in the 
frequency domain, Bi et al. revealed that neglecting ground motion spatial variation (2010)  
and SSI (2011) may result in underestimation of the required separation distance between 
adjacent bridge decks. Through parametric studies on various two-span simply supported 
bridges with non-uniform excitations at the supports, Hao (1998) confirmed that dynamic 
parameters of structures, spatial ground excitations and damping ratios can have significant 
influence on the required seating length. Ruangrassame and Kawashima (2001) investigated 
the relative opening displacement spectra by taking pounding effect into account and found 
that pounding may lead to considerable increasing in the required seating length for 
preventing the unseating of bridge decks. 
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Pounding is a complicated phenomenon due to plastic deformation, local cracking and 
crushing. To simplify the analysis, many researchers modeled every component of a structure 
involved in potential impacts as a single-degree-of-freedom (SDOF) system by considering a 
bridge girder or building floor as a lumped mass (Maison and Kasai 1992; Jankowski et al. 
1998; Ruangrassamee and Kawashima 2001; Chau et al. 2003; Anagnostopoulos 2004; 
Jankowski 2005; Muthukumar and DesRoches 2006; Komodromos et al. 2007; Chouw and 
Hao 2008a,b; Ye et al. 2009), while some other researchers built finite element (FE) models 
by adopting beam-column elements (Hao 1998; Kim and Shinozuka 2003; Bi et al. 2010, 
2011; Shrestha et al. 2014, 2015). Based on these two types of simplified FE models, the 
impact between adjacent segments can be simulated by a number of methods, which can be 
roughly classified into two categories, viz, stereo-mechanic method and impact element 
method (Khatiwada et al. 2014). The stereo-mechanic method is based on conventional 
impulse-momentum principle. The loss of energy during impact is described by the 
coefficient of restitution, which is defined as the ratio of post-impact to pre-impact relative 
velocity between two impact segments. Some researchers have employed this method to 
calculate the seismic pounding response due to its clear physical meaning (Malhotra 1998; 
Mouzakis and Papadrakakis 2004; Cole et al. 2011). But a wider adoption of the 
stereo-mechanic method is limited since it is difficult to incorporate into FE analysis and it 
could not predict the pounding force.  
Impact element method usually connects adjacent bridge components with an impact element 
consisting of a spring, a damper and a gap element. The impact element will be activated 
when the relative closing displacement between adjacent segments exceeds the initial gap size. 
The spring and damper is used to consider the pounding forces and energy dissipations during 
pounding. Various linear and non-linear impact element models have been proposed, such as 
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the linear spring model (Maison and Kasai 1992; Kim and Shinozuka 2003), Kelvin model 
(Jankowski et al. 1998; Anagnostopoulos 2004; Komodromos et al. 2007), Hertz model 
(Davis 1992; Pantelides and Ma 1998; Chau and Wei 2001; Chau et al. 2003), Hertz-damp 
model (Muthukumar and DesRoches 2006; Ye et al. 2009), nonlinear viscoelastic model 
(Jankowski 2005, 2006, 2007), and Hunt-Crossley model (Khatiwada et al. 2014) to simulate 
the pounding phenomenon of adjacent structures. The advantage of this method is that it has a 
clear physical theory and can be executed easily in FE analysis. However, the stiffness of the 
impact element cannot be determined by a suitable and uniform method (Khatiwada and 
Chouw 2014). The impact stiffness has a significant effect on the pounding force 
(Anagnostopoulos 1988) and the convergence of the calculations. Moreover, a common 
drawback of all the methods mentioned above is that just point-to-point pounding could be 
considered and the pounding location has to be pre-specified. As such, only frontal impact of 
bridge structures subjected to simple longitudinal ground motions can be taken into account 
by these methods. In the reality, pounding could take place along the entire surface of the 
adjacent segments (Hao et al. 2013), namely surface-to-surface pounding. Most poundings 
actually occurred at corners of bridge decks as observed from previous earthquakes (Hao et al. 
2013). This results from the eccentric pounding induced by torsional vibration of adjacent 
bridge girders due to spatially varying ground motions, especially spatial variation of the 
transverse excitations.  
To model realistic pounding phenomenon involving surface-to-surface contact and eccentric 
pounding between adjacent bridge structures, all these simplified models and methods are 
incapable, a detailed 3D FE model need to be developed. Zhu et al. (2002) proposed a 3D 
contact-friction model to study the pounding response in seismic events. This model is 
suitable to analyze the point-to-surface contact and eccentric pounding between bridge girders 
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considering the friction in the tangential direction, and overcomes the limitation of 
predefining the pounding locations. Guo et al. (2011) developed a modified contact-friction 
element based on the 3D contact-friction model to represent point-to-surface impact, 
considering two different contact statuses during the pounding. Bi et al. (2013) developed a 
3D FEM to consider surface-to-surface and torsional response induced eccentric poundings 
between adjacent bridge components by using LS-DYNA. It should be noted that the above 
mentioned methods cannot consider the plastic deformation and localized damages at the 
joints during the poundings. To overcome this limitation, Bi and Hao further developed their 
previous model (Bi et al. 2013) by incorporating the non-linearities of the materials into 
consideration, and studied the pounding effects between bridge girders (2013) and between 
bridge girder and shear keys (2015).  
It can be seen that though pounding response between adjacent structures have been studied 
widely, most of the studies were conducted numerically, experimental investigations were 
relatively rare. The impacts between a concrete pile and a concrete block were experimentally 
investigated by Van Mier (1991). Jankowski (2010) performed two experimental studies on 
the interactions between elements made of four building materials. Filiatrault et al. (1995), 
Papadrakakis et al. (1995), and Chau et al. (2003) conducted the shake table experiments on 
pounding between adjacent buildings. Zhu et al. (2002) performed two experimental studies 
to verify the proposed 3D contact-friction pounding model. Guo et al. (2009) carried out a 
series of shaking table tests on a 1:20 scaled base-isolated bridge model to investigate the 
effects of pounding on the response of the structures subjected to earthquake ground motions 
and pounding mitigation by using magneto-rheological (MR) dampers. A 2:5 scale curved 
bridge model was constructed to be tested on the four shake tables by Wieser et al. (2012) to 
study the poundings at the abutments with an equivalent nonlinear backfill soil during strong 
8 
earthquakes. It should be noted that all the above studies neglected the spatially varying 
ground motions. More recently, Li et al. (2012) tested a three-segment 1:125 scaled bridge 
model using three shake tables to investigate the pounding effect on the bridge behavior under 
spatially non-uniform ground motions. Though, the study provided valuable information on 
the effect of spatially non-uniform ground motions on the bridge responses, it may not 
provide a realistic picture of responses due to the very small scaled bridge model constructed 
with materials different from that used in the prototype structure, as well as due to the 
omission of the inelastic responses of bridge structure. 
This paper presents an experimental study on the pounding responses of adjacent bridge 
structures considering spatially varying ground motions by using a shaking table array system 
in Central South University, China. Two sets of large-scale (1:6) bridge models involving two 
bridge frames were designed and constructed. Two types of boundary conditions, i.e. the fixed 
foundation and rocking foundation were tested to investigate the influence of the foundation 
types. To the best of knowledge of the authors, experimental studies on the pounding 
responses of adjacent bridge structures to spatially varying ground motions by using such a 
large scale model has never been reported in the literature. Moreover, a detailed 3D finite 
element model is  constructed to simulate one of the experimental cases in general purpose 
FE software, LS-DYNA. The non-linear material behavior including the strain rate effects of 
concrete and steel reinforcement are considered in the numerical simulation and pounding 
induced damages are simulated.  
2 Experimental details 
2.1 Prototype structure and model 
The bridge models for the experiment were scaled representation of a prototype bridge 
consisting of two frames of 50 m length each. The test models were properly designed and 
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constructed according to the scaling law as presented in Table 1. In order to simulate inelastic 
deformation of the structure, reinforced concrete of the same grade as the prototype bridge 
was used for the model. The bridge model consisting of two concrete bridge frames with 
post-tensioned girder (rigid T-shape girder) was constructed as shown in Figure 1. In order to 
simulate the expansion joint, the two frames were separated by a gap with a size of 8 mm. The 
length of each scaled bridge frame was 8.33 m and the total length of the bridge model was 
16.67 m. The superstructure of the bridge is a post-tensioned box girder with variable cross 
section. The bent of the bridge model frame consists of two square piers with the cross section 
of 0.25 m x 0.25m and the height of 1 m. To keep the same fundamental vibration frequency 
of the scaled model and the prototype structure, additional weights of 15.6 tones (12 concrete 
blocks with mass of 1.3 tones) were placed on each frame. It should be noted that in some 
cases, the additional masses would be adjusted to achieve different dynamic properties of the 
two frames, as will be discussed latter. For safety consideration, the additional masses were 
fixed on the deck top by mortar and secured by using additional steel bars. Figure 2 presents 
the overall view of the bridge model with additional mass placed over it. 
 
Table 1 Scale ratios of the model structure 
Physical quantity Similitude Scale factor(N) 
Length, L NL 6 
Acceleration, a Na 1 
Stiffness, E NE 1 
Mass, M NM= NE NL
2/ Na 36 
Time, t Nt=√( NL/ Na) 2.45 




Fig.1 Design of the bridge model and arrangement of sensors 
 
 
Fig.2 Overall view of the bridge model 
2.2 Boundary conditions 
Two sets of bridge models were prepared in the tests. These two sets were tested for two 
boundary conditions, i.e. fixed foundation and rocking foundation. For a fixed foundation 
condition, the bridge model was fixed on the shake table platform by high-strength bolts 
through the reserved holes on the footing. For the rocking foundation, the foundation structure 
was specially designed: the uplifting of the footing was allowed by not restricting the vertical 
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rubber was inserted to consider the stiffness and compressibility of supporting soils; To 
restrict the motion in the horizontal directions, concrete blocks were anchored around the 
footing with 40 mm thick rubber blocks filling the gap between them. Figure 3 shows the 
details of the rocking foundation. 
 
Fig.3 Details of the rocking foundation 
2.3 Sensor arrangement and test setup 
To conduct experimental studies on the seismic responses of extended structures such as 
bridges under non-uniform ground motions, a shake table array system is required. This 
experiment was carried out by using the shake table array system at National Engineering 
Laboratory of High Speed Railway Construction in Central South University, China. The 
shake table array system includes two 6-DOF shake tables, each with a frequency range of 
0.1-50 Hz, payload capacity of 30 tones and size of 4x4 m. When the tables run with the full 
payload capacity, the maximum acceleration can reach 0.8g and 1.6g in the horizontal and  
vertical directions, respectively. During the tests, the bridge responses such as the relative 
displacement between bridge girders, absolute displacement at the top of piers, accelerations, 
and the curvature in the piers were measured. Figure 1 illustrates the sensor instrumentation 
details.  
As the primary objective of the experiment is to investigate pounding damage, more sensors 
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longitudinal direction of each frame to record the acceleration time histories. Additionally, 
four and two accelerometers were also placed in transverse and vertical directions, 
respectively. Two LVDTs were placed at the two corners of the deck to measure the relative 
displacement at the joint as shown in Figure 4.  
 
Fig.4 Picture of instrumentation at bridge joint 
The pier curvatures of both frames at the top and bottom plastic hinge locations were also 
measured during the tests. The method for the pier curvature measurements (Johnson 2006) is 
as shown in Figure 5 by using a pair of LVDTs, which were attached to 16 mm diameter rods 














                                  (1) 
where 1 2,   are the displacements from the two transducers, L is the distance between two 
extension transducers, H is the height between rod and top/bottom of footing/girder. In this 
study, 55.8L cm , 8H cm . In addition, five LVDTs were installed at the top of piers to 
record the absolute displacement in both longitudinal and transverse directions. A LVDT was 
attached to each footing corner in the vertical direction to measure the uplifting displacement 
under rocking foundation condition. A total of 80 channels were used in the tests. 
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Fig.5 Pier curvature measurement method 
3 Spatially varying ground motions and experimental cases 
3.1 Spatially varying ground motions 
It is common in engineering practice to simulate spatially varying ground motions that are 
compatible with the specific design response spectra. Many stochastic ground motion 
simulation methods have been proposed by different researchers. For example, Hao et al. 
(1989) and Deodatis (1996) simulated the spatially varying ground motions in two steps: 
firstly the spatially varying ground motion time histories were generated using an arbitrary 
power spectral density function, and then adjusted through iterations to match the target 
response spectrum. Usually a few iterations are needed to achieve a reasonable good match. 
More recently, Bi and Hao (2012) further developed this method. Instead of using arbitrary 
power spectral density (PSD) functions, the PSDs that are derived from the response spectra 
are used. Less or even no iteration is needed in the proposed method. The method proposed 
by Bi and Hao (2012) was adopted in the present study to simulate the spatially varying 
ground motion time histories that are compatible with the design spectra specified in the 








The spatial variation properties between ground motions recorded at two locations j and k on 
ground surface is modeled by an empirical coherency loss function (Sobzcky 1991) 
2
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where   is a coefficient reflecting the level of coherency.  =0.0004, 0.0008, 0.0016 are 
considered in the present study, which represent highly, intermediately, weakly correlated 
ground motions, respectively. 
jkd  is the distance between two locations j and k in the wave 
propagation direction,   is the circular frequency in rad/s. appv  is the apparent wave 
velocity, measuring the time delay between ground motions at two supports j and k separated 
by distance 
jkd .   is the seismic wave incident angle. In the present study, appv  is 
assumed to be 500 m/s, and 60  . 
To study the influence of different local site conditions, three different sites, i.e. strong rock 
site (Class I), medium-soft soil site (Class III), and soft soil site (Class IV) are considered 
based on the Chinese Guideline for Seismic Design of Highway Bridge. The characteristic 
periods for the sites are 0.3, 0.55, and 0.75s respectively. Totally five ground motion cases 
representing different local site conditions and ground motion spatial variations are simulated 
and they are listed in Table 2. In the simulations, the sampling and upper cut-off frequencies 
were set to 100 and 25Hz, respectively. Duration of 20.48s was selected to have a convenient 
total number of 2048 points. 
Figure 6 shows one set of the simulated ground motion time histories (MC5). Figure 7 
compares the response spectra of the simulated ground motions and the target design spectra. 
All of the acceleration spectra are normalized to 1.0g and 5% damping. It is demonstrated that 
the simulated ground motions match well with the target design spectra. Figure 8 shows the 
comparison between the coherency loss of the simulated motions and the empirical coherency 
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loss function. Good matches are observed again. 
It should be noted that bi-directional excitations were considered in the present study. In the 
lateral direction, the ground motion intensity and coherency condition were the same as that 
in the longitudinal direction but they were independently simulated, in other words, the 
longitudinal and lateral motions are independent with each other. It is also noted that to 
account for scaling effect, all the simulated ground motions were modified according to the 
similarity ratio provided in Table 1. As such, the duration of the input motions is compressed 
to 20.48/2.45=8.359s.  
Table 2 Cases of spatially varying ground motions 
Motion Cases No. Site Condition Coherency 
MC1 III Highly (β=0.0004) 
MC2 III Intermediately (β=0.0008) 
MC3 III Weakly (β=0.0016) 
MC4 I Intermediately (β=0.0008) 
MC5 IV Intermediately (β=0.0008) 
 
 
(a)                                    (b)  




Fig.7 Comparison of the response spectra of the simulated ground motions (thin lines) and the target design 
spectra (bold lines) 
 
 
Fig.8 Comparison of coherency loss function  
3.2 Experimental cases 
During the tests, the model with rocking foundation was excited by uniform excitation, 
non-uniform excitations with time delay, and spatially varying excitations under a low 
intensity of 0.25g. The same tests were also carried out on the models with fixed foundation 
to study the influence of the foundation types on the pounding responses. In addition to the 
low intensity tests, the fixed foundation model was also tested under the gradually increasing 
ground motion intensities from 0.25g to 0.75g. During the high intensity cases, two concrete 
masses blocks are removed from Frame 2, resulting in a period ratio (T1/T2) of 1.1. The 

































































ground motion MC5 were scaled to various intensity levels and were used as inputs for high 
intensity tests. The considered experimental cases are summarized in Table 3. For the uniform 
input case, the motions for Frame 1 were applied to both tables. 
Table 3 Test cases 
Rocking Foundation   Fixed Foundation 
Case No. Motion   Case No. Motion Case No. Motion 
RL1 Uniform 0.25g 
 







FH2 MC5 0.25g 
RL3 MC1 0.25g 
 
FL3 MC1 0.25g FH3 Uniform 0.4g 
RL4 MC2 0.25g 
 
FL4 MC2 0.25g FH4 MC5 0.4g 
RL5 MC3 0.25g 
 
FL5 MC3 0.25g FH5 MC5 0.5g 
RL6 MC4 0.25g 
 
FL6 MC4 0.25g FH6 MC5 0.6g 
RL7 MC5 0.25g   FL7 MC5 0.25g FH7 MC5 0.75g 
 
4 Numerical model 
LS-DYNA, a general purpose FE software, is used to undertake a numerical simulation of the 
experiment proposed in Section 2. For validation purpose, only Case FH4 was simulated in 
the numerical study. 
4.1 Element, contact and boundary conditions 
Figure 9(a) shows the detailed finite element model. The constant stress solid elements are 
employed for all the concrete members. To realistically simulate pounding induced damage, 
fine meshes are required. On the other hand, this will significantly increase the computational 
effort. To balance the computation time and accuracy, the bridge model is divided into 
different regions with different mesh sizes since pounding induced damage is highly localized, 
the detailed modeling with a fine mesh size of 12.5 mm is only applied to a length of 0.25 m 
from the end of bridge girders. Along a length of 0.35 m near the top of the piers and the 
central portion of bridge deck beyond 0.25 m from the edge of bridge girder are meshed by 25 
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mm elements. Beyond these regions, the mesh size of the girder in the longitudinal direction 
is 200 mm. 20 mm and 50 mm mesh sizes are adopted in the modeling of the piers and the 
footing, respectively.  
Belytschko beam elements are used to simulate the pre-stressing tendons and the 
reinforcement bars in the pounding prone regions. The connections between concrete and 
reinforcement or tendons are modeled by sharing the same nodes based on completely rigid 
connection assumption. The RC smeared models (i.e. reinforcement is assumed to be 
uniformly distributed over concrete element) are used to simulate concrete at the piers and the 
places sufficiently away from the pounding prone regions of the girders. Figure 9(b) shows 
the detailed (fine) meshes around the expansion joint. The lumped mass elements are used to 
model the additional masses on the top of the decks. Due to the considerable size of the 
concrete blocks as shown in Figure 2, the nodes of the mass elements are located at the actual 
center-of-gravity of the additional blocks and connected to the corresponding nodes on the 







Fig.9 Finite element model of the tested bridge: (a) The overall view, (b) Detailed meshing at the joint 
 
Pounding may occur at the entire interfaces of the girder ends with sticking or sliding in the 
tangential direction of the contact interface. In this study, the contact algorithm 
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE in LS-DYNA is defined between 
the adjacent decks to describe the pounding effect. In the tangential direction of the contact 
interface, an approximation of the Coulomb friction model (i.e. arctangent model) is adopted 
to represent the relationship between the normal stress and the tangential stress. The dynamic 
and static Coulomb friction values are both set to 0.5 in the present study (Bi and Hao, 2013; 
Jankowski 2009). To represent the actual restraint condition of the fixed foundation, the base 
of the footing is fixed in the vertical direction in the model. Ground motions recorded at the 
table during the test are applied to the base of the footing at the longitudinal and transverse 
directions in the form of displacement by using the *LOAD_CURVE keyword in LS-DYNA.  
4.2 Material model 
The material model *MAT_CONCRETE_REL3 (*MAT_72REL3), *MAT_PSEUDO _Tensor 
(*MAT_16), and *MAT_ELASTIC (*MAT_1) available in LS-DYNA are used to model the 
concrete at different regions in this study. The advantage of *MAT_72REL3 and *MAT_16 







the density, Poisson’s ratio and unconfined compressive strength. *MAT_72REL3 model is 
applied for the concrete at the pounding prone areas. *MAT_16 model is a smeared RC 
material model. It is used to model smeared concrete of the pier and at the remaining places of 
the girders. In this study, the unconfined compressive strengths of superstructure and 
substructure are obtained from the experiments as 45MPa and 35MPa, respectively and they 
are used in LS-DYNA. The footings are simply modeled by elastic material (*MAT_1) to 
save the computational effort.  
In order to avoid computer overflow during calculation, the *MAT_ADD_EROSION card is 
used to eliminate elements that do not further contribute to resisting the impact loads during 
the analysis. Erosion technique is commonly used to delete elements experiencing large 
deformations by setting one or more erosion criterion, e.g. principal stress/strain, tensile stress, 
and shear strain et.al. It is noted that erosion is only a numerical manipulation to avoid mesh 
tangling and has no physical meaning. It removes the concrete materials, and meanwhile, 
violates the mass conservation of the structure. Therefore, erosion should be used with caution 
(Tang and Hao 2010). In the present study, the concrete mesh will be deleted when the 
maximum principal strain reaches 0.15 (Bi and Hao 2013). 
The elastic-plastic material model *MAT_PIECEWISE_LINEAR_PLASTICITY 
(*MAT_24) is employed for the steel reinforcements in the bridge girder. The advantage of 
these material models is that they allow users to define arbitrary stress-strain curves. A 
temperature dependent material *MAT_ELASTIC_PLASTIC_THERMAL (*MAT_4) is 
selected to model the pre-stress tendons in the bridge girder based on the thermal shrinkage 
method. In order to load a pre-stress force in the girders, the card 
*LOAD_THERMAL_LOAD _CURVE is used to define a negative nodal temperature. The 
parameters of all the materials used in this study are tabulated in Table 4. 
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Table 4 Material properties  
Material LS-DYNA model Parameter Value 
Concrete *MAT_CONCRETE_DAMAGE_REL3 Mass density 2400kg/m3 
(Pounding prone area) (*MAT_72REL3) Poisson's ratio 0.3 
  
Compressive strength 45MPa 
    Concrete *MAT_PSEUDO _Tensor Mass density 2500kg/m3 
(Smeared concrete on girders) (*MAT_16) Poisson's ratio 0.3 
  
Compressive strength 45MPa 
  
Percent reinforcement 2.00% 
    Concrete *MAT_PSEUDO _Tensor  Mass density 2500kg/m3 
(Piers) (*MAT_16) Poisson's ratio 0.3 
  
Compressive strength 35MPa 
  
Percent reinforcement 1.23% 
    Concrete *MAT_ELASTIC Density 2500kg/m3 
(Footings) (*MAT_1) Young's modulus 31.5GPa 
  
Poisson's ratio 0.2 
    Steel *MAT_PIECEWISE_LINEAR_PLASTICITY Density 7850kg/m3 
(Pounding prone area) (*MAT_24) Young's modulus 200GPa 
  
Poisson's ratio 0.3 
  
Yield stress 400MPa 
  
Tangent modulus 1600MPa 
  
Failure strain 0.01 
    Pre-stress tendons *MAT_ELASTIC_PLASTIC_THERMAL Density 7850kg/m3 
 
(*MAT_4) Young's modulus 195GPa 
  
Poisson's ratio 0.3 
  Coefficients of thermal expansion 1.2x10-5 
4.3 Strain rate effect 
For reinforced concrete structures subjected to impact loads (i.e. at high strain rates), the 
apparent strength of concrete and steel materials can be increased significantly. Therefore, the 
strain rate effect needs to be taken into account to reliably predict the structural responses. 
The effect of strain rate on the material strengths is typically considered by the Dynamic 
Increase Factor (DIF) (i.e. the ratio of dynamic to static strength) The most comprehensive 
model for strain rate enhancement of concrete both in tension and compression is the bilinear 
relationship developed by CEB Code (Comité Euro-International du Béton 1993). In tension, 
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where 
tf  is the dynamic tensile strength at strain rate   in the range of 
630 10  to 
1300s . tsf  is the static tensile strength at ts , while ts  is the static strain rate and taken 
as 6 130 10 s  . 
csf  is the static compressive strength at ts  and cof  is taken as 10MPa. 
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where 
cf  is the dynamic tensile strength at strain rate   in the range of 
630 10  to 
1300s .  
The DIF model for steel reinforcing bars proposed by Malvar (1998) is utilized in the 
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where 
yf  is the steel yield strength in MPa.  
5 Experimental and numerical results 
The experimental results, including the data recorded from the sensors, and bridge damages 
observed after each experimental case, are investigated in this section. Analysis and 
comparisons are carried out based on these results to study the pounding response, the effect 
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of spatially varying ground motions and the effect of foundation rocking. The comparison 
between the experimental and numerical results is also conducted in this section.  
5.1 Pounding responses 
Pounding always lead to the large collision force, severe vibration of the bridge decks, and a 
sudden velocity exchange between the two neighboring decks, which results in large impulses 
in the acceleration time histories (Guo et al. 2011). Therefore, acceleration measurement from 
the accelerometers placed at the expansion joint of the bridge model are used in this study to 
identify the pounding occurrence. The amplitude of the acceleration pulses is a direct 
reflection of the intensity of pounding forces. From the numbers and the instances of the sharp 
peaks in the acceleration histories, the collision numbers and time can be found. However, 
when the impact force is not large enough, the corresponding impulses might be easily 
smeared by the acceleration response of structure and the mechanical noises. This 
phenomenon will result in the missing of some pounding events. To overcome this problem, 
this paper proposes using wavelet transform method to identify the occurrence of impact.  
Wavelet transform is very effective to analyze the signal singularity and scale with an 
excellent time-frequency localization property. The wavelet transform of a one-dimensional 
signal ( )f t  is described as an integral form that convolutes the signal with the wavelet basis 
function ( )t  called the mother wavelet (Ren et al. 2013) 
1
( , ) ( ) ( )f
R
t b
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                                 (7) 
where ˆ ( )   is the Fourier transform of the mother wavelet ( )t . ( , )fW a b  is called the 
wavelet coefficients and employed in this study to determine the occurrence of pounding for 
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the experimental data. There may exist abrupt changes of wavelet coefficients with respect to 
the frequency at the time of pounding. The changes in frequency contents indicate the 
magnitude of the pounding force. The complex Morlet wavelet with a central frequency of 1.0 
Hz and bandwidth of 1.5 Hz is chosen as the mother wavelet for this research, since Morlet 
wavelet is similar to impulse component (Xing et al. 2012).  
Taking Case FH4 as an example, Figure 10 presents the absolute longitudinal accelerations 
recorded by accelerometers J4 and J6 (Figure 1) and the corresponding scalogram. As shown 
in Figure 10(a), it is observed that two obvious impulses appear at 4.095 and 5.875s, in the 
absolute acceleration histories, and the peak values are about 2 times as those of other time 
ranges. A slight impulse is also observed at 1.650s, but the peak value only presents very 
slight increase and is not easily observable. However, after applying wavelet transform to the 
recorded acceleration time history, the wavelet coefficients at all these instants show very 
obvious difference compared to other times. The coefficients are about four times as those at 
other times. The pounding at 1.650s is clearly identified by using this method. Similarly, the 
same analysis is applied to the longitudinal acceleration recorded by accelerometer J6 at 
Frame 2 (Figure 10(b)). The same pounding instants are identified again..  
Some sharp peaks are visible in the time-history of the absolute acceleration response in the 
transverse direction at the corner of bridge deck of Frame 2 recorded by the accelerometer J6 
as shown in Figure 11(b). This phenomenon clearly shows that during the collisions there 
exists an interaction along the transverse direction which may be caused by friction during the 
contact or the eccentric poundings. However, no obvious impulses are found in Figure 11(a) 
that presents the acceleration recording of Frame 1. Comparing the transverse acceleration 
response of Frame 2 with those of Frame 1 indicates that the transverse interaction during the 
poundings affect the lateral acceleration response of Frame 2 more significantly than Frame 1. 
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Therefore, the lateral acceleration pulses should be caused by the oblique impact between 
adjacent segments more than the friction. This is because that the friction induced acceleration 
recorded from the decks of two adjacent frames should have the opposite signs according to 
Malhotra et al.’s work (1995). 
For other cases, wavelet transform is applied again as mentioned above, and the pounding 
times are identified. The pounding times and maximum longitudinal accelerations for the 
fixed base cases are summarized in Table 5. It is found that the pounding number increases 
with the intensity of the ground motions. The maximum accelerations, induced by pounding, 
however, do not necessarily increase with the intensity of the ground motions. Figure 12 
shows the experimental results of the maximum values of absolute acceleration from all the 
fix base cases with different ground motion intensities. It is demonstrated that, for cases 
without pounding, the longitudinal acceleration responses of stiff frame (Frame 2) are slightly 
lower than that of flexible one (Frame 1). However, the stiff frame is more sensitive to the 
collisions than the flexible one when only longitudinal acceleration responses are considered. 
These conclusions are in agreement with the numerical results of Anagnostopoulos’ work 






Fig.10 Time histories and wavelet scalogram of longitudinal accelerations recorded by different 
accelerometers: (a) J4; (b) J6 
















































































Fig.11 Time histories transverse acceleration at the joint corners (a) Frame 1; (b) Frame 2 
 
Table 5 Detected pounding times and corresponding peak longitudinal accelerations for the fixed-base 
cases 
Case No. Number of pounding 
Acceleration Peak(m/s2) 
Frame1 Frame2 
FH1 No pounding 4.016 3.797 
FH2 No pounding 5.283 4.213 
FH3 No pounding 6.380 5.491 
FH4 3 13.00 11.82 
FH5 4 9.870 12.95 
FH6 5 12.67 33.71 
FH7 7 22.98 24.06 
 
To investigate the influence of pounding on the seismic responses of bridge girders and piers, 
The seismic responses from Cases FH3 and FH4 are compared. As shown in Table 5, FH3 












































represents a case without pounding while poundings occur in Case FH4. Figure 13 shows the 
longitudinal acceleration responses of these two cases. It is found that, the acceleration 
responses agree with each other during most of the time. The accelerations become larger 
when poundings occur. It also can be seen that the third pounding increases the acceleration 
response in the time range of nearly one second after collision by almost twice as compared 
with the results without pounding. However, the first two poundings do not change the 
pounding responses obviously. This might be explained by the different momentum 
exchanges and stress wave propagation during the impact. 
 
Fig.12 Maximum absolute acceleration of every high intensity cases 
 
 
Fig.13 Longitudinal acceleration response with/without pounding 
Figure 14 and Figure 15 show the displacement and curvature responses of Pier 1, 

























































pier response. The third pounding slightly reduces both the displacement response at the top 
of the pier and the curvature response at the base of the pier. For this particular case, pounding 
seems to be beneficial for the response of bridge substructures. However, this result may not 
represent the universal law, pounding could result in response amplifications if the colliding 
bridge segments have significantly different fundamental period (Kim and Shinozuka 2003). 
However, it is also necessary to note that prevailing design codes (such as, Caltrans 2010) do 
not allows construction of bridge segments with significantly different fundamental period.   
  
Fig.14 Time history of displacement at the top of Pier 1 
 
  
Fig.15 Time history of curvature at the base of Pier 1 
Figure 16 shows the local damage pattern of the bridge decks at the joint during Cases FH4 
and FH7. As shown in Figures 16(a) and (b), after Case FH4 a wide range of cover concrete 
spalling and top layer steel bar explosions were observed. The areas of the concrete spalled 
from Frame 1 and Frame 2 are about 0.12 m x 0.1 m and 0.16 m x 0.12 m, respectively. Slight 
















































concrete spalling was also observed at the end girder of both decks on the south side as 
presented in Figure 16 (b).  
After Case FH7, according to Figures 16(c), the concrete spalling at the deck of Frame 2 were 
extended to a wider area with a size of 0.45 m x 0.15m, and more steel bars were exposed. 
The concrete at the center of deck of Frame 1 was severely crushed within a large area of 
0.3m x 0.1m. Except for concrete crushing and spalling damages, a permanent dislocation 
with a length of 0.04m in the lateral direction was also observed between two adjacent decks 
at the joint as shown in Figure 16(d). The dislocation was caused by the large relative 
displacements in the transverse direction induced by the lateral ground excitations.  
 
(a)           (b) 
 
(c)           (d) 
Fig.16 Pounding damages, (a), (b) Case FH4, (c), (d) Case FH7 
5.2 Effect of spatially varying ground motions 
Previous studies revealed that spatially varying ground motions can have a significant 
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influence on the bridge responses and pounding responses. To investigate this effect, the 
results obtained from Case RL1 to RL7 are compared with each other. Figure 17(a) shows the 
time histories of relative displacements between two decks at the joint when the two frames 
subjected to uniform ground motions (Case RL1), 0.041s time delayed ground motions (Case 
RL2), and spatially varying ground motions with a high coherency (Case RL3). It can be 
observed that the spatially varying ground motions resulted in the largest relative 
displacements (the black line)on both positive (closing) and negative (opening) directions.. 
The relative displacement response in the Case RL2 (the red line) was far larger than the 
results (the blue line) due to uniform excitations (Case RL1).  
Table 6 lists the detected pounding events in all low intensity cases (0.25g). Comparing the 
results of Cases RL1 to RL3 revealed that the excitations considering time delay could result 
in poundings and large acceleration peaks. The spatially varying excitations can result in the 
greater acceleration peaks compared with those considering wave passage only. The above 
observations demonstrate that uniform ground motion will lead to the unrealistic prediction of 
the bridge responses. Non-uniform seismic excitations considering only the time delay could 
still underestimate the relative displacement responses between adjacent segments and the 
therefore the pounding and unseating potentials, even though the adjacent bridge structures 
have the same dynamic properties. The results also reveal that matching the fundamental 
periods of the adjacent bridge frames close to each other as suggested in current bridge design 
codes is not sufficient to mitigate pounding response and opening relative displacement when 
spatially varying ground motions are considered.  
Figure 17(b) compares the joint relative displacement responses with highly (Case RL3), 
intermediately (RL4), weakly correlated (RL5) excitations based on the Class III site 
condition. The figure shows that highly and weakly correlated ground motions caused a larger 
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relative displacement than the ground motions with intermediately correlation. The response 
caused by highly correlated ground motions is slightly lower than that induced by weakly 
correlated ground motions. Comparing the results of Case RL3-RL5 in Table 6 shows that 
weakly and highly correlated ground motions cause the largest and smallest acceleration 
peaks, respectively. 
Joint relative displacement responses of the bridge due to different soil site conditions are 
shown in Figure 17(c). Spatially varying ground motions on site Class IV (Case RL7) caused 
the largest out-of-phase movements between two adjacent frames and the largest acceleration 
peaks. The ground motions corresponding Class I site condition resulted in very small relative 
displacement responses. It is apparent from the presented results that bridge founded on softer 
soil condition are subjected to larger asynchronous vibration between adjacent structure 






















































Fig.17 Relative displacement at the North side of the joint, (a) considering different seismic excitation, (b) 
considering different coherency loss, (c) considering different site conditions 
 













RL1 No 3.23 FL1 No 3.40 
RL2 2 4.67 FL2 No 2.64 
RL3 1 5.14 FL3 No 2.59 
RL4 1 5.44 FL4 No 2.52 
RL5 1 6.10 FL5 No 3.00 
RL6 No 2.57 FL6 No 2.16 
RL7 2 9.35 FL7 No 3.04 
 
5.3 Effect of foundation rocking 
Many researches propose using rocking foundation to mitigate the seismic response of bridge 
structures, and extensive experimental and numerical investigations were carried out. Most of 
the existing experimental studies are limited to a single bridge pier. In order to study the effect 
of foundation type on the structure response and pounding response, the responses of the 
bridge models with rocking foundations are compared with those with fixed foundations in 
this section.  
Figure 18 presents the time histories of curvature responses in the longitudinal direction of 
Pier 2 at the top and base of the pier for Cases FL5 and RL5. It is apparent that the pier 
experienced the larger curvature responses at both top and bottom in Case FL5 than in Case 

























RL5. For better understanding such effect, the comparisons between the curvature peaks of 
bridge piers with two foundation types for all 0.25g cases are shown in Figure 19. It is 
obvious that the curvature responses are always smaller for the piers with the rocking 
foundation than on the fixed foundation when subjected to the same ground motions. These 
observations demonstrate the effectiveness of using rocking foundations in reducing the 
seismic bending responses of bridge piers. 
 
 
 (a)                                      (b) 
Fig.18 Time history of the curvature at (a) the top of pier, (b) at the bottom of pier 
 
  
(a)                                   (b) 
Fig.19 Comparison of the pier curvature peaks (a) at the top (b) at the bottom 
During the rocking foundation cases the uplifting of foundations is observed. Taking Case 






























































north-east corners of the foundation of Frame 2 are shown in Figure 20, where the positive 
values represent the uplifting. The results indicate that rocking foundation caused a significant 
uplifting at all corners of bases and the uplifting reaches as large as 3.099 mm at the 
north-west corner. This uplifting response is large enough to cause a significant rigid rotation 
of whole models. The time histories shown in Figure 21 depict the longitudinal absolute 
displacements at the top of piers in Cases RL5 and FL5. It can be observed that rocking 
foundation increases the absolute displacement responses at the top of piers compared to the 
fixed foundation.  
 
 (a)                                      (b) 
Fig.20 Foundation uplifting of Frame 2, (a) north-west corner, (b) north-east corner 
 
  
(a)                                      (b) 
Fig.21 Longitudinal absolute displacements at the top of piers, (a) Pier1, (b) Pier2 
Figure 22(a) presents the relative displacement responses of Cases RL5 and FL5. As shown, 
during the duration of 0-9 s, the relative displacements at the north side in Case RL5 are 
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obviously larger than those in Case FL5, in both closing and opening directions. The in Case 
RL5 reaches 8.652 mm at 5.58 s, which is larger than the initial gap of 8 mm between two 
decks, which means two decks come into contact with each other. It should be noted that this 
closing relative displacement is 0.652 mm higher than the gap width, this is actually due to 
the vertical free vibration of the deck that affected the relative displacement measurement. 
The maximum value of closing relative displacements in Case FL5 is only 6.78 mm at 5.63 s, 
which is less than the initial gap. It means no pounding occurs in Case FL5. The opening 
relative displacements reach 14.27 mm and 7.645 mm in Case RL5 and FL5, respectively. 
The same phenomenon is also observed for the south side. 
 
  
(a)                                      (b) 
Fig.22 Relative displacements between the decks, (a) North side, (b) South side 
Figure 23 summarizes and compares the peaks of opening relative displacements between two 
decks at both north and south sides. It is obvious that the opening relative displacement 
responses on the rocking foundation are always larger than those on the fixed foundation 
when subjected to the same ground motions. It can be seen from Table 6 that pounding 
happen in most cases with rocking foundation, except for Case RL1 and RL6. No pounding is 
observed in fixed foundation cases. The above observation demonstrates that rocking 
foundation is effective in mitigating the seismic effect on pier responses. However, rocking 
37 
foundation results in larger displacement response of bridge superstructures and hence 
increases pounding between adjacent decks and unseating potentials. 
 
 
(a)                                   (b) 
Fig.23 Comparison of relative displacements peaks, (a) North side, (b) South side 
5.4 Simulation of experimental results 
Case FH4 is simulated in LS_DYNA by using the numerical model developed in Section 4. 
The numerical results including acceleration response at joint corners and deck damages are 
compared with the experimental results. The time-history of pounding force is also obtained . 
Figure 24 shows the longitudinal accelerations at the corner of the joint . It can be seen that 
the numerical result agrees well with the experimental data. Three poundings occur during the 
simulation, at 1.649s, 4.102s, and 5.987s, respectively. The numerical model reasonably 
captures the instances of pounding. However, the acceleration impulse amplitudes predicted 





















































Fig.24 Comparison of the numerical and experimental acceleration at the joint in the longitudinal direction 
Figure 25 compares the numerical and experimental damage patterns after Case FH4. It can 
be seen that three poundings occur between the bridge girders at the southern side. Large 
pounding force (Figure 26) results in the spalling of the concrete at the localized area. It can 
be seen that the numerical damage pattern matches well with the observed local concrete 
damages in the experiments. However, it is noted that area of concrete spalling predicted by 
the numerical model is slightly smaller than that observed during the test.  
Figure 26 presents the time history of pounding forces between two adjacent decks. The time 
history indicates that the pounding forces are 140.9 kN, 216.5kN, and 208.5 kN at 1.649s, 
4.102s, and 5.987s, respectively. The second pounding resulted in the largest pounding force. 
Such large impact forces are likely to cause acceleration impulses and localized damage to the 
neighboring bridge decks as observed above.  
Numerical results show that the developed numerical model can be used to accurately predict 
the pounding responses, pounding locations and pounding damage caused by seismic motions 
with reasonable accuracy.  




























Fig.25 damage patterns obtained from the numerical (a, b and c) and experimental (d and e) results after 
case FH4 (a) t=1.649s, (b) t=4.102s, (c) t=5.987s 
 
 
Fig.26 Pounding force time history 
6 Conclusions 
In the present paper, the pounding phenomenon between adjacent bridge decks is investigated 
via experimental testing and numerical simulation. Bridge test models including two bridge 
frames were designed and constructed based on the similarity law, and various experimental 
studies were carried out by using a shaking table array system located in Central South 
University, China. The bridge models were subjected to stochastically simulated ground 




















motions in bi-directions based on the response spectra of the Chinese Guideline for Seismic 
Design of Highway Bridge for three different soil site conditions (Class I, Class III site and 
Class IV), and three coherency loss levels. The influences of pounding, spatially varying 
ground motions and boundary conditions on the bridge responses are investigated. Moreover, 
a detailed 3D finite element model is developed to simulate one of the experimental cases. 
Following conclusions are drawn based on the experimental and numerical results: 
 Pounding can increase the acceleration responses of bridge decks. Wavelet transform 
method can be used to accurately detect the pounding instants. Pounding can cause severe 
localized damages to the bridge decks. 
 The stiff frame is more sensitive to deck acceleration responses resulting from pounding 
than the flexible frame. For the case presented in this study, poundings of adjacent 
segments result in a reduction of the responses of the piers.  
 Spatially varying ground motions have a significant influence on the structural responses. 
Spatially varying ground motions can increase the relative displacement responses and 
therefore the pounding and unseating potentials. Both local site conditions and coherency 
loss can obviously affect the relative displacements and pounding responses. Softer site 
results in the larger opening relative displacement and higher pounding responses. 
 Rocking foundation greatly increases the relative displacement responses between bridge 
decks and exacerbates the pounding and unseating potentials of the bridge 
superstructures, while it can decrease the bending moment developed in the bridge piers. 
 Numerical simulation agrees well with the experimental results, the developed numerical 
model can be adopted to accurately predict the seismic responses and pounding induced 
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